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Abstract 
 
A synchronous generator prototype with HTS armature windings and a permanent magnet rotor (HTS-PM) was developed. The 
temperature evolution during cooling and operation processes of the HTS coils was analyzed by finite element method (FEM). The 
simulated results coincided well with the temperature measurement data acquired by PT-100 sensors. Cooling time, terminal 
temperature, contact thermal conductivity, during cooling, as well as the proportion between real and calculated iron loss, contact 
thermal conductivity, at various rotating speeds during operation, were worked out using the FEM model. 
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1. Introduction 
 
The HTS synchronous motor generally has an HTS excitation rotor that contains HTS coils or bulks, which takes 
advantage of large gap field and nearly zero Joule heat loss of the HTS coils in DC. Consequently, smaller size, less 
weight and larger power density can be obtained. Some main successful examples have been modelled [1, 2], tested 
[3-5] or for serving in the future [6, 7]. 
Motors with HTS armature windings in the stator can be easily cooled. But they also have the problems of AC loss. 
University of Cambridge studied the AC loss of YBCO coils used in their motor prototype with FEA method [8]. 
Harbin Institute of Technology worked out the AC loss of BSCCO coils in their motor designs [9]. Industrial Research 
Ltd & University of Technology, Sydney calculated the total AC loss in an HTS wind turbine [10]. It was suggested 
from the above studies that the larger the power is, the smaller proportion the AC loss occupies. If generators with 
HTS armature windings are used in high-power wind mills, the AC loss proportion will be even lower for low 
frequency and low rotating speed. It was acclaimed by European Wind Energy Association (EWEA) that over 30 % 
increase of wind power had been installed per year in five consecutive years and the requirement for wind power 
might exceed 300 GW by 2030 [11, 12]. Giant potential can be expected for this type of HTS generator. 
Our group successfully developed a prototype generator with HTS stator and permanent magnet rotor. During 
operation, both the stator iron and the HTS coils will be cooled through conduction cooling. It is very important to 
understand its thermal characteristics. In this paper, the temperature of the HTS coils will be measured by in-situ PT-
100 sensors. An FEM model will also be built to help analyse the thermal features during both the cooling and 
operation process. 
 
2. General structures and experimental details 
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Fig. 1 shows the exploded drawing of the generator. Six double pancake racetrack HTS coils wound with Bi-
2223/Ag tapes were embedded in the slots of the stator. The cryogenic dewar was wrapped firmly outside the stator as 
the cooling source. A vacuum chamber was built as a thermal shield in order to reduce the redundant heat loss. During 
the cooling process, the liquid nitrogen (LN2) would be filled into the dewar from the lower tube located at the end 
cover automatically. The nitrogen vapour was vented by the upper one. Fig. 2 shows the HTS generator on the testing 
platform. 
PT-100 temperature sensors were buried into the stator slots to measure the temperature evolution during cooling 
and operation. The temperature data were recorded by a Keithley-2700 multi-meter. Every HTS coil was monitored by 
three PT-100 sensors. The middle sensor was placed close to the middle of the straight edge of the coils. Two side 
sensors were located at the both ends of the coil outside the slot. The location of the middle PT-100 sensor in one slot 
is shown in fig. 3(b). The temperature data from the six middle sensors as a function of time during cooling and 300 
rpm rotation were measured and compared with the simulation results. 
 
                         
Fig. 1. Illustration for the assembly of the generator.                        Fig. 2. HTS generator on the testing platform. 
 
3. Thermal simulation and analysis 
 
The finite element method (FEM) was used to analyse the thermal behaviour of the generator during cooling and 
no-load operation. Fig. 3(a) shows the 1/4 FEM model of the HTS generator in which small connections and 
fastenings were ignored. A thermal impedance layer was placed between the dewar and the stator for considerations of 
possible bad contact. The boundary conditions and heat loads were also shown in the figure. 
 
 
Fig. 3. (a) 1/4 FEM thermal model schematic with boundary conditions and loads; (b) Partial view of one stator slot which showed the main parts 
including their materials in the slot and the location of the PT-100 sensor at the middle of the straight edge of the HTS coil. 
 
The cold boundary was added onto the inner surfaces of the dewar. The LN2 level increased from bottom to top 
during cooling. The surface in contact with LN2 was set to a constant temperature of 77 K. The rest room of the dewar 
was set to be filled with cold nitrogen vapour whose convection coefficient can be determined approximately by:  
( )nNu C Ra  [13]. The hot boundary was the air convection added to the outer surfaces of the vacuum chamber. The 
convection coefficient was set to be 5 2W/(m K)  of the average value in static air condition [13]. A heat flux was 
added onto the inner surfaces of the iron core to simulate the radiation heat loss. 
For the thermal simulation of the no-load operation process, the heat load generated by the iron loss should be 
considered. It was suggested that the static temperature distribution had been reached before operation. That was 
2 0T  and static( ) ( )T T . It was assumed that the temperature field resembled the static situation within a 
sufficient short time. Consequently, the general heat transfer differential equation from [13] can be transformed into: 
(a) (b) 
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,                                                                               (1) 
where  is the density, C is the specific heat, T is the temperature, t is the time and qv means the heat load or the heat 
generating rate (Watt per unit volume) in the stator. Thus the heat load can be calculated from Eq. (1) according to the 
initial slope of the temperature curve ( 0 ( 0)TtG t ). 
Several other assumptions were issued as follows: (I) Ignore the radiation heat transfer in most surfaces within the 
vacuum chamber; (II) Excellent thermal contact was considered between adjacent parts; (III) The filling rate of the 
LN2 in the dewar was homogeneous; (IV) The complex structure inside the slots was simplified to two limit situations: 
full of epoxy or full of silver (sheath material for the Bi-2223/Ag tape) all over the space in the slots. 
Most material properties in low temperature came from [14, 15]. The epoxy was treated as Stycast 2850 FT 
because of similar components. The thermal conductivity of the layer was set to be 0.1 of that of Stycast 2850 FT 
during the cooling process and 0.35 during the operation process. The details for the simulation method will be 
published elsewhere. 
 
4. Results 
 
The temperature data acquired by the middle sensor were picked out as the average temperature. Fig. 4 shows the 
temperature variation in the top, middle and bottom slots during the cooling process. Only one calculated curve of 
each location is shown because the results under both homogeneous limits are quite similar to each other. It is seen 
that the coil is gradually cooled down with varied descending rates at different time stages marked in the figure. The 
static temperature of 82 K is reached after approximately 7000 seconds. The simulation curve conforms to the 
experiment result quite well in general, with the latter’s cooling rate a bit larger in stage (II). 
 
 
Fig. 4. The measured and simulated temperature 
evolution of the coils in all locations during 
cooling. 
Fig. 5. The simulated temperature evolution 
of one bottom coil and the iron core during 
no-load operation at 300 rpm. 
Fig. 6. The measured and simulated 
temperature evolution of the bottom coil in 
during no-load operation at 160 rpm, 240 rpm 
and 300 rpm. 
When a calculated heat load qv using Eq. (1) according to G0 = 0.0167 K/s (300 rpm) which was measured from 
the corresponding experimental curve was applied onto the stator, the simulated temperature ramping curve of one 
bottom coil and the iron core at 300 rpm in no-load condition is shown in Fig. 5. The simulated G0 value of the iron 
core is close to the experimental G0, but it is 1.5 times as that of the coil. If 1.5 times of the calculated qv was used as 
the heat load on the iron core, the measured and simulated temperature ramping curves of one bottom coil at different 
rotating speeds in no-load condition are shown in Fig. 6. The temperature starts to climb up soon after rotation, with a 
slow rate within less than 200 seconds at first followed by a fast increase until reaching the steady state. It is found 
that the experimental curves are located in the regions between the simulation curves under two homogeneous limits 
assumptions at all rotating speeds. The G0 values of the experimental data listed in Fig. 5 can also be regarded to be 
between those under the above two assumptions considering the measuring errors. 
 
5. Discussions 
 
The heat transfer during the cooling process could be basically divided into three stages as Fig. 4 shows. In stage 
(I), only the bottom part of the outer wall of the dewar was soaked by the LN2 during approximately 700 seconds due 
to the limited amount of LN2 infused. Most space upon the liquid level was filled with cold nitrogen vapour, which 
had a very low cooling effect. Thus a small cooling rate can be observed. In stage (II), a more convenient heat transfer 
route appeared when the inner wall of the dewar touched the liquid level, which accelerated the cooling rate of the 
HTS coils. In stage (III), as the temperature was approaching 77 K, the driving force of cooling became weak which 
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led to a slow temperature decreasing rate. The above three stages can be clearly seen in Fig. 4. This phenomenon was 
caused by the special structure of the cryogenic system and the LN2 infusing method. Our simulated cooling curve 
conforms to the experimental data quite well. Some small deviations can still be seen, which may be due to the 
complex and ununiformed temperature distribution of the nitrogen vapour and the ignorance of radiation in most 
surfaces during calculation. 
As for the no-load operation process, if a constant heat load qv was applied to the stator, it was found that the 
simulated G0 in the iron core was 1.5 times of that in the coils (as seen in Fig. 5), which meant that the temperature 
should increase faster in the stator. The reason was quite simple. The heat loss during operation mainly came from the 
stator, and was then transferred to the coil position. The temperature of the coils could not keep up with the stator due 
to the existence of the thermal impedance in the slots. Only the coil temperature was measured during the experiment. 
The heat load in the stator should be underestimated if we calculated qv directly from this measurement using Eq. (1). 
Thus an assumption was made that a 1.5 times of qv was adopted as the estimated iron loss. It was verified in Fig. 6 
that the simulated curves fitted the experimental data well. Consequently, this heat load can be accepted as the real 
iron loss. 
It was quite difficult to simulate the various contacting thermal conduction problems in this complex model. A 
thermal impedance layer was built as the equivalence of the total thermal impedance between the HTS coils and LN2. 
But the thermal conductivity of this layer was still not easy to be determined. It was found that 0.1 and 0.35 were the 
best proportions for the simulation of cooling and operation, respectively, after the parameter was iterated for many 
times. It was the only parameter to be fitted for the other main parameters in the simulation had been determined. The 
simulative results could be treated as a function of the proportions. It could be inferred from Fig. 6 that the simulative 
contacting conditions approached the real conditions due to the similarity of the curves. The contacting thermal 
conductivity of the layer during operation was larger due to the shrink of the dewar which created better contacting 
conditions. Therefore, it is necessary to reduce the number of the contacting surfaces, shorten the transfer route and 
use materials with larger thermal conductivity to increase the cooling efficiency if conduction cooling is adopted. 
The FEM model proposed in this article was used to predict the behaviour of the cryogenic system and help design 
the HTS generator. Our simulation method has been proved to be reliable and useful for the present HTS generator. It 
guided the building of the motor and offered lots of useful data to the whole design progress. 
 
6. Conclusions 
 
In this paper, the temperature evolution of the HTS coils of an HTS synchronous generator prototype with HTS 
armature windings and conduction cooling system was measured by in-situ PT-100 sensors and simulated with FEM. 
It was indicated that 7000 seconds would be needed for the coils to be cooled to 82 K. 1.5 times of the calculated iron 
loss was used as the heat load of the iron core during the operation process. All of the simulation results were 
compared with the experimental data and coincided well with the latter, which proved the modelling method very 
useful for the design of this HTS generator. 
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